The angular properties of light emitted from rare-earth based nanophosphors embedded in optical resonators built in one-dimensional photonic crystal coatings are herein investigated. Strong directional dependence of the photoluminescence spectra is found. Abrupt angular variations of the enhancement caused by the photonic structure and the extraction power are observed, in good agreement with calculated polar emission patterns. Our results confirm that the optical cavity favors the extraction of different wavelengths at different angles and that integration of nanophosphors within photonic crystals provides control over the directional emission properties that could be put into practice in phosphorescent displays. In recent years, multiple applications for rare-earth based nanoparticles, usually known as nanophosphors, have been developed in several fields like light emitting diodes (LEDs), 1 sensors, 2 and displays. 3 In the latter case, all research efforts have been focused on the improvement of the photoluminescence efficiency by changing the conditions of synthesis. [4] [5] [6] [7] [8] [9] However, in a work recently reported by some of us, an important enhancement of the photoluminescence of Eu-doped yttrium fluoride colloidal particles was obtained by embedding them in a resonator built in a one dimensional photonic crystal (1DPC). 10 By matching the spectral position of the cavity resonance with that of a specific luminescent band, strong reinforcement of its intensity was observed, while the rest of the bands were dramatically attenuated. These phenomena occurred along the direction perpendicular to the multilayer surface. On the other hand, due to their ability to tailor the angular characteristics of emission, photonic crystals have been widely used to improve the performance of several photonic devices as biosensors 11 and LEDs. 12, 13 As far as we know, there are no previous reports on the directional emission of nanophosphors integrated in photonic crystals, which might be of relevance for their potential application in displays.
In this work, we study experimentally the variation of the intensity of the photoluminescence bands of optical resonators containing nanophosphors as the angle of collection is changed. We observe a strong angular dependence of the spectrally selective enhancement achieved with respect to reference samples, which is in turn largely affected by the values of the optical parameters of the resonator. Our experimental data are analyzed on the basis of a simple theoretical model proposed by Benisty et al., 14 a qualitative agreement being found for the directional properties of both the extracted intensity and the enhancement of selected emission lines.
Samples were prepared following a procedure reported elsewhere. 10 Briefly, the optical resonator was built by sandwiching a layer of Eu-doped yttrium fluoride nanophosphors 15 between two 1DPC consisting in alternated layers of SiO 2 and TiO 2 nanoparticles. 16 The nanophosphor layer was surrounded by two SiO 2 nanoparticle multilayers that disrupted the periodicity of the whole ensemble, leading to the opening of resonant modes. The nanophosphors employed emit photoluminescent bands in the visible range whose width Dk B is narrower than that of the cavity resonance, Dk c ðDk c = Dk B ffi 6Þ. Following a spin coating protocol, 17 the resonator can be devised to present the resonance at the desired spectral position. The reference is prepared by sandwiching, between two layers of SiO 2 particles, a layer of nanophosphors of the exact same thickness than that deposited to build the resonators.
In order to realize the measurements required for our work, the set up presented in Fig. 1 was disposed. A green solid-state laser emitting at k ¼ 532 nm is used as a continuous wave excitation source. A 30 mW beam is normally incident to the sample surface, focused down by means of a 10 cm-focal length lens. The light coming out of the multilayer structure in transmission mode is collected by an objective with a numerical aperture N.A. ¼ 0.6, coupled into a multimode fiber, and spectrally dispersed by a monochromator attached to a charge-coupled device (CCD) detector camera. An iris is placed between the objective and the detector to study the relation between the intensity of the emission bands and the light cones of angular widths comprised between 5.7 and 36.8 . The collection angle h is determined through the radio R of the iris according to tg(h) ¼ R/f, where f is the focal of the objective (f ¼ 5 mm). Modes that can be extracted from the structure are those whose internal emission angle a, a ¼ sin
À1
(sin(h)n air /n c ), is smaller than the critical angle a c $ 52
; above a c , modes remain guided, i.e., they do not radiate to air. On the other hand, modes can be detected provided the collection angle matches the N.A. of the objective, h < 37 . The transmittance spectra were obtained using the same set up but using a white supercontinuum laser that allows us to measure optical spectra between 400 nm and 800 nm.
Transmittance and photo-emission spectra corresponding to resonators with different cavity modes, namely k c ¼ 708 nm and k c ¼ 742 nm, are plotted in Fig. 2 (left and right panels, respectively). The transmittance spectra (light lines) as well as the luminescent emission spectrum of the reference (dark lines) are shown in Figs. 2(a) and 2(e). The peaks observed in the transmittance spectra correspond to the transmitting window opened due to the presence of a resonant mode. In one case, the resonance coincides with the emission band at k c ¼ 708 nm (on-resonance), while in the other it does not match any luminescence line (off-resonance). The two sets of Figs. 2(b)-2(d) and 2(f)-2(h) display the photoluminescence emitted by the nanophosphors embedded in each type of resonator, respectively. For small angles of collection, the luminescent band at k B ¼ 708 nm is strongly enhanced when it is on-resonance, Fig. 2(b) , and it is almost totally attenuated when it is off-resonance, Fig.  2(f) . For the first case, it is observed that the intensity of the band at k B ¼ 708 nm increases, as the iris is gradually opened, until it reaches a constant value. The angular dispersion of the extracted power stabilizes at a larger angle in the case of the second resonator. Since the spectral position of the resonance moves towards shorter wavelengths as the angle of emission increases with respect to the normal to the multilayer surface, above a certain collection angle h, it will eventually match the position of an emission band, whose intensity is then enhanced. Thus, the cavity favors the extraction of different wavelengths at different angles.
In Fig. 3 , we plot the experimentally observed evolution of the intensities of the emission bands affected by the cavity resonances versus collection angle for the two resonators considered, with k c ¼ 708 nm (Fig. 3(a) ) and k c ¼ 742 nm (Fig. 3(b) ). The intensities of all the emission bands were divided by the maximum value measured for the band at k c ¼ 708 nm for the sake of clarity and to facilitate the comparison with the theoretical results. In the first case, the normalized intensities of bands placed at k B ¼ 655 nm (light circles) and k B ¼ 708 nm (dark circles) are plotted, while in the second case only the results for the band at k B ¼ 708 nm are drawn, since only this band matches the resonant mode at a certain angle among those considered. The angular variation of the intensity of the peaks emitted by the layer of nanophosphors used as reference is plotted for the sake of comparison (dark and light crosses for k B ¼ 708 nm and k B ¼ 655 nm, respectively). The information for the rest of the bands is omitted for clarity.
An analysis of these angular trends was performed by comparing them to the emission of a dipole placed in the center of a perfectly uniform planar microcavity. This system was analyzed theoretically by Benisty et al. 14 In that study, an expression that relates the power extracted out of the resonator, P out , in a specific direction h is derived
where L is the thickness of the cavity (L ¼ k c /2n c ), k is the wavenumber of the emitted light inside the cavity at a wavelength k B (k ¼ 2pn c /k B ), r 1 and r 2 are the amplitude reflectivities of the fields on the front and back mirrors, respectively,
is the front mirror transmission, / 0 ¼ kzcosa, z being the distance from the emitter to the back mirror (considered z ¼ L/2), and / ¼ kLcosa.
Thus, the total power escaping from the resonator and collected within a cone of angular width h is given by
Our input parameters are the spectral position of the luminescent band, k B , and the finesse of the resonance, F, extracted from the measured spectra. The coefficients r 1 and r 2 are estimated from F through the expression
The calculated trends for P TOT (h) versus h, obtained from Eq. Quantitatively, however, experimental and theoretical data differ by a factor comprised between 4 and 5. Thus, experimental curves are multiplied by a factor 4 and 5 for the resonator of Figs. 3(a) and 3(b) , respectively. The differences observed are very likely due to the deviations of the experimental structure from the one considered theoretically. The main differences arise from the fluctuations of the thickness of the optical cavity as a result of the roughness introduced by the silica nanoparticles, whose average size is around 30 nm. Also, the emitters are not exactly placed in the middle of the cavity as assumed in the theoretical model, since the thickness of the layer of rare-earth based particles sandwiched between silica layers represents approximately 10% of the total thickness of the cavity. In addition, both polarization effects and the real multilayer structure of the cavity mirrors have been neglected in the model. Remarkably, in spite of all these simplifications, the model solutions nicely reproduce the main observed features. Finally, theoretical polar emission patterns are shown in Figs. 3(e) and 3(f) to further illustrate the effects herein discussed. Very different angular distribution of energy for the bands emitted at 708 nm and 655 nm are attained as a function of the resonator in which the nanophosphors are integrated. These observations are in good agreement with both experimental and theoretical studies previously realized for quantum wells enclosed by a one-dimensional photonic crystal microcavity. 18 In conclusion, the angular properties of light emitted from nanophosphors embedded in optical resonators built in one-dimensional photonic crystal coatings have been investigated. Abrupt angular variations of the enhancement caused by the photonic structure and the extraction power are observed, which are in qualitative agreement with the solutions of a simple theoretical model for light emitted by a dipole inside a perfect microcavity. Our results demonstrate that integration of nanophosphors within photonic crystals provides ways of tailoring the emission properties that could be put into practice in phosphorescent displays.
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